Abstract: An assessment has been conducted of the potential effect of climate change on runoff in Spain in the 21st century. Runoff depths were calculated with a precipitation runoff model that used as input downscaled global climate model (GCM) outputs. The spatial and temporal resolution of the calculations was 1 km 2 and 1 month, respectively. The assessment consisted of comparing runoff values of the baseline period, , with those of three 21st century periods, 2011-2040, 2041-2070, and 2071-2100, all estimated with simulated temperature and precipitation time series. Twelve climate simulations (i.e., combinations of a GCM, a greenhouse gas emissions scenario, and a downscaling algorithm), and whose variability reflects the uncertainty over the future climate, were considered. Based on the results, a decline in runoff is to be expected throughout the country. With respect to the baseline period, and depending on the climate simulation considered, runoff depths are expected to change in the range of þ1 to
Introduction
In this article, the effect of the expected climate change on runoff generation in Spain is studied and quantified. This study fits within the effort of modeling the effect of climate change on the hydrologic cycle in Spain for water resources planning. Assessments of the expected impact of climate change are based on predictions developed with different global climate models (GCMs) for different future greenhouse gas emissions scenarios. The impact of climate change on runoff generation, specifically, is assessed by means of hydrologic models forced with precipitation and temperature time series generated with GCMs. The climate variables required as input for the hydrologic models, however, need to be at a greater resolution than those generated by the GCMs, which creates the need of regionalizing their results (Wilby et al. 2004) . Therefore, the reliability of the results of climate change impact assessments depends on those of the GCMs' structures and parameters, the greenhouse gas emissions scenarios, the regionalization algorithms, and the hydrologic models (Mitchell and Hulme 1999) .
The impact of climate change on the global hydrologic cycle is discussed in Kundzewicz et al. (2007) and Bates et al. (2008) . For the Mediterranean area, it is anticipated that precipitation will decrease and evapotranspiration increase, which, overall, would decrease runoff. According to Alcamo et al. (2007) and depending on the GCM used, "In southern Europe (south of 47°N), runoff decreases by 0 to 23% up to the 2020s, and by 6 to 36% up to the 2070s" should be expected. Additionally, changes in streamflow seasonality are also expected, such that winter flows will increase and summer flows will decrease. Studies of European scope have arrived at similar conclusions (Eisenreich 2005; Lehner et al. 2005; Christensen and Christensen 2007; van der Linden and Mitchell 2009) .
For Spain, studies of the effect of climate change anticipate an overall decrease in runoff over the century, more pronounced in the southern part of the country and in the summer months. Specifically, studies indicate a 5% decrease in annual runoff by 2030 (Ministry of the Environment [MIMAM] 2004), 6 to 9% by the 2050s (Cabezas 2004 ), 17% by 2060 (Ayala-Carcedo and Iglesias 1996 , and 35% by 2071-2100 (Garrote et al. 2007 ). However, many of these studies used a limited number of GCMs and/or hydrologic models that estimate mean annual runoff based on mean annual values of precipitation and potential evapotranspiration (PET), such as Schreiber's, Ol'Dekop's, Budyko's, Turc-Pike's, or Coutagne's models (Arora 2002) . Other studies, conducted at the watershed level (i.e., areas smaller than 100,000 km 2 ), coincide in anticipating a decrease in runoff throughout the century. The reader is referred to Center for Studies and Experimentation of Public Works (CEDEX) (2010) and Barranco (2011) for details. As part of the National [Spanish] Plan for Adaptation to Climate Change (PNACC), CEDEX conducted a comprehensive Assessment of Climate Change Impact in the Water Resources in Spain (CEDEX 2010) . Partial results of this study have been presented in Álvarez-Rodríguez et al. (2010) , Barranco (2011), and Estrela et al. (2012) .
This article quantifies the effect of climate change in Spain by comparing the runoff amounts in the baseline period with those expected in the 2011-2040, 2041-2070, and 2071-2100 periods. So that the comparisons reflect only the effect of climate change and not the biases and inherent errors of the monitoring procedures and climate, downscaling, and hydrologic models, the contrasted runoff values were calculated using GCMestimated precipitation depths and temperature for all four periods. With respect to previous studies of climate change in Spain, here both the spatial and temporal resolutions are increased to 1 km 2 and 1 month, respectively. While this increase in resolution is expected to increase the accuracy of the results, it also resulted in significantly greater amounts of information and maps. Overall, a total of 100,000 precipitation and temperature time series with record periods ranging from 60 to 120 years were used, and 200,000 raster maps, with 500,000 cells each, have been created.
The second section of the article introduces the reader to the study area and hydrologic data available; the third section discusses the climate simulations used to generate baseline and future temperature and precipitation time series; the fourth section presents the methodology used to estimate runoff values; the fifth section presents and discusses the results; and the last section summarizes and concludes the study. Additionally, an appendix has been included, which discusses the advantages and disadvantages of comparing simulated future runoff with simulated, as opposed to observed, past runoff values.
Study Area and Hydrologic Data
The study area is the country of Spain in southwestern Europe, including the Balearic Islands in the Mediterranean Sea and the Canary Islands in the Atlantic Ocean. Spain has an area of 505,000 km 2 , and a very pronounced terrain relief with high plateaus and mountain chains. Its highest peak has an elevation of 3,718 m and is located in the Canary Islands. In the mainland, the highest peak is 3,478 m and is located in Andalusia. It also contains a number of major river basins including the Tagus, Duero, Ebro, Guadiana, and Guadalquivir, among others. The climate is Mediterranean in most of the country with the exception of the oceanic in the northern coastal area, and semiarid in the southeast and parts of the northeast of the mainland and in the Canary Islands.
According to MIMAM (2004) , for the period 1940-1995, the average precipitation in Spain was around 680 mm=year, ranging from 1600 mm=year in the north to 380 mm=year southeast and 300 mm=year in the Canary Islands. PET followed an inverse spatial pattern and had an average value of 860 mm=year, ranging from 1070 mm=year in the southwest and 1060 mm=year in the Canary Islands to 650 mm=year in the north. Actual evapotranspiration (AET) averaged 460 mm=year, and ranged from 670 mm=year in the north to 340 mm=year in the southeast and 250 mm=year in the Canary Islands, and runoff averaged 220 mm=year, ranging from 930 mm=year in the north to 50 mm=year in the southeast and Canary Islands. Most of the available surface and subsurface water resources were generated from fall to spring because of greater precipitation and lower evapotranspiration rates in that period. On the contrary, in summer, lower precipitation and higher evapotranspiration rates cause soil moisture deficits and decreases in AET, groundwater recharge, and runoff.
Precipitation and temperature data were obtained from the HIDRO database (Quintas 1996) , which is provided by the Spanish Meteorological Agency (AEMET) with information recorded at their meteorological stations located throughout the country. Fig. 1 shows the spatial distribution of observed annual precipitation, AET, and runoff for the baseline period. The temperature in the baseline period had a mean of 13.2°C, variability (standard deviation) of 0.47°C, and long-term trend (slope) of 0.013°C=year, while the precipitation had a mean of 673 mm, variability (standard deviation) of 97 mm, and long-term trend (slope) of −4.60 mm=year. Overall, the precipitation and runoff values in the baseline period were comparable to those of the 1940-1995 period already discussed; however, greater values, in the order of 4% for precipitation and 10% for runoff, were observed with respect to 1940-1995 in the watersheds located in the southwest (i.e., Guadiana and Guadalquivir with an area of around 125,000 km 2 ) (MIMAM 2004), which suggests the baseline period could be considered somewhat wetter than average.
Climate Simulations
Climate simulations result from GCMs forced with greenhouse emissions scenarios and downscaled to greater spatial resolutions. In Spain, in line with the overarching goal of the PNACC, the AEMET, in collaboration with the Spanish Office for Climate Change (OECC), compiled 33 climate simulations to assess the impact of climate change in the country. A subset of 12, out of these 33 simulations, were furthermore selected in order to decrease computer simulation time, while, at the same time, maintaining their overall variability range (AEMET 2008) .
Three atmosphere-ocean general circulation models (AOGCM) and one atmospheric general circulation model (AGCM) were used. The three AOGCMs were the second-generation coupled global climate model (CGCM2) developed by the Canadian Center for Climate Modeling and Analysis (Flato and Boer 2001) ; the ECHAM4 developed by the Max Plank Institute for Meteorology and the German Climate Computing Center, which is a development of the European Centre for Medium-Range Weather Forecasts (ECMWF) model (Roeckner et al. 1996) ; and the Hadley Center coupled model version 3 (HadCM3) developed by the Hadley Centre in the United Kingdom (Gordon et al. 2000) . The AGCM was the Hadley Center atmospheric model version 3 (HadAM3) also developed by the Hadley Centre. Even though all four models aim for representing the complexity of the climate processes, they differ in their fundamental assumptions. The reader is referred to McAvaney et al. (2001) for further discussion of the GCMs.
With respect to the future greenhouse gas emissions scenarios, the A2 and B2 were considered out of the six scenarios presented in Nakicenovic et al. (2000) , which are also the scenarios used more in the IPCC third assessment report (Cubasch et al. 2001) . The A2 and B2 scenarios both describe a 21st century based on regional development rather than on a globalization trend. The A2 scenario is characterized by a focus on economics, while B2 on environmental protection. Consequently, the greenhouse gas emissions would be more intense in A2 than in B2. The reader is referred to Nakicenovic et al. (2000) for a detailed discussion of the different greenhouse gas emissions scenarios considered by the Intergovernmental Panel on Climate Change (IPCC).
Additionally, GCM outputs were downscaled to both the meteorological station level for the whole Spanish territory and the PRUDENCE project grid (Christensen and Christensen 2007) , which covers the Spanish territory except the Canary Islands with a resolution of 0.5°× 0.5°(approximately 50 km × 50 km) (AEMET 2008) . For the emissions scenarios A2 and B2, the Foundation for Climate Research (FIC) downscaled the CGCM2, ECHAM4, and HadAM3 outputs to 5,579 rain gauges and 1,854 temperature gauges with the analogue downscaling method (FIC 2012) . In analogue approaches, days are grouped based on a finite number of discrete weather types or states according to their synoptic similarity, and predictans are chosen by matching previous (i.e., analogous situations) to the current weather state (Wilby et al. 2004) . The outputs of the HadCM3, on the other hand, were downscaled to 2,320 rain gauges and 369 temperature gauges with the statistical downscaling model (SDSM) (AEMET 2008) . The SDSM consists of deriving multiple-regression equations between the observed values of each of the variables at each of the meteorological stations, and their corresponding GCM-estimated values in their corresponding GCM grid cells (Wilby et al. 2002) . Similarly, as part of the PRUDENCE project, climate estimates were downscaled to the grid cells with regional climate models (RCM). Specifically, the Complutense University of Madrid downscaled the HadCM3 outputs with the mesoscale prediction (PROMES) RCM (Gallardo et al. 2001) ; and the Swedish Meteorological and Hydrologic Institute (SMHI), the ECHAM4 outputs with the Rossby Centre atmospheric-ocean (RCAO) RCM (Döscher et al. 2002) . PROMES is a 3D medium-scale weather-forecast model centered in the Spanish mainland and has 28 vertical atmospheric levels; RCAO is a coupled atmospheric-ocean model that has 24 vertical atmospheric levels.
Note that downscaling to the station (i.e., point) and grid cell (i.e., 2,500 km 2 area) levels involves methodological differences that might affect the results obtained. Downscaling to grid cells implies averaging over the cell area, which does not take place when downscaling to stations. Additionally, downscaling to stations disregards the effect of their physical characteristics, including elevation, and the fact that most of them are located in valleys when greater precipitation and lower temperatures are observed uphill.
Consequently, the 12 climate simulations considered were CGCM2-FIC-A2 (CFA), CGCM2-FIC-B2 (CFB), ECHAM4-FIC-A2 (EFA), ECHAM4-FIC-B2 (EFB), HadAM3-FIC-A2 (hFA), HadAM3-FIC-B2 (hFB), HadCM3-SDSM-A2 (HSA), HadCM3-SDSM-B2 (HSB), HadCM3-PROMES-A2 (HPA), HadCM3-PROMES-B2 (HPB), ECHAM4-RCAO-A2 (ERA), and ECHAM4-RCAO-B2 (ERB) ( Table 1 ). Fig. 2. Methodology followed in this study is indicated in the dashed frame; the processes to obtain the high-resolution Spanish climate simulations that feed SIMPA are also represented in the top of the flowchart climate change impact. Because, for the 1961-1990 baseline period, simulated precipitations presented biases with respect to observed values, the assessment of the impact of climate change was conducted by comparing runoff obtained using future simulated temperature and precipitation with runoff obtained using simulated temperature and precipitation for the baseline period. That way, the comparison will reflect the effect of climate change only given that the model biases will affect the same both terms of the comparison. A detailed discussion of the bias in the precipitation values is included in the appendix, which has not been incorporated in the main text for clarity purposes. The mean of the simulated values was used as a climate change index since no simulation could be assumed better than the others. Temperature and precipitation values for all 12 simulations were available for 1961-1990 and 2071-2100, while, for 2011-2040 and 2041-2070 , only CFA, CFB, EFA, EFB, HSA and HSB were available. These values were used to estimate runoff time series. The hydrologic model used to estimate the runoff for the different climate simulations was the integrated system for precipitationrunoff modeling (SIMPA), developed by CEDEX (Estrela and Quintas 1996; Ruiz-García 1999; Álvarez-Rodríguez et al. 2005) . This model was developed in the GRASS raster environment (GRASS Development Team 2012) and is a continuous-simulation watershed model with a monthly time step that applies the Témez (1977) lumped hydrologic model independently to each raster cell. This model has been extensively tested and validated for Spain in the past decade (MIMAM 2004) . The model's input consists of raster monthly precipitation and PET time series, soil properties (including the infiltration capacity estimated based on the cell's lithology), and vegetation data, which are used to generate maps of AET, soil moisture, aquifer recharge/discharge, and runoff. Aquifers were defined by the Spanish river basin authorities as part of the national water plan. In general, in each aquifer cell, infiltration was calculated based on the precipitation excess (i.e., the part of precipitation that does not evapotranspirate or is stored in the soil) and an infiltration parameter. Aquifer discharge was calculated separately for each aquifer, which were represented as linear reservoirs. Recharge from the cells to the aquifers was calculated as the sum of the infiltration from their corresponding cells, while discharge from the aquifers to their cells was distributed evenly.
Methodology
In this study, the SIMPA model was applied with a resolution of 1 km × 1 km and a time step of 1 month. Runoff depths were accumulated at a watershed level, where the watersheds are shown in Fig. 1 . A total of 15 watersheds were considered and their areas ranged from 2,000 to 85,000 km 2 . Because the time of concentration of even the largest watershed in Spain is shorter than the model time step, runoff routing was not necessary.
For each of the 12 climate simulations, daily precipitation and temperature values were aggregated into monthly values (i.e., 360-value time series for each variable and 30-year period), which were interpolated to generate 1-km 2 -resolution raster maps of monthly maximum, minimum, and mean (i.e., the semisum of the maximum and minimum) temperature and precipitation. PET was calculated with the Hargreaves method (Hargreaves and Allen 2003) modified with correction factors obtained following the methodology adopted in MIMAM (2004) to match PET values obtained with the Penman-Monteith method (Allen et al. 1998 ). The Hargreaves method was selected because it is recommended by the United Nations Food and Agriculture Organization (FAO) for cases with wide climate variability (Allen et al. 1998 ) and also because it is less data intense than other more complex methods. Runoff was estimated for the 12 simulations. Finally, precipitation and runoff were averaged for each of the 30-year periods and watersheds. Climate change impact indices were then estimated as the discrepancies between the values of each of the three future periods (i.e., 2011-2040, 2041-2070, and 2071-2100 ) and the baseline period (i.e., for each climate simulation.
Results and Discussion
Relative changes in precipitation, PET, AET, and runoff, for 2011-2040, 2041-2070, and 2071-2100 with respect to the 1961-1990 baseline period, are presented in Fig. 3 . As mentioned earlier, for the 2011-2040 and 2041-2070 periods, only six simulations were available, while for the 2071-2100 period, 12 simulations were Fig. 3 . Expected percent changes (circles: scenario B2 average; squares: scenario A2 average) with respect to 1961-1990 (baseline period) and change ranges (lines) for the different hydrologic variables, periods, and greenhouse gas emissions scenarios available. These plots correspond to averages over the entire Spanish territory, and ranges and averages correspond to all simulations available for the periods and both greenhouse gas emissions scenarios. Note that the range of variability between the different simulations can be considered a measure of uncertainty. Fig. 3 shows that the discrepancies between the expected PET values, according to the different simulations, are somewhat small, which results from the relative agreement in the predicted temperatures. However, expected precipitation, AET, and runoff have significantly greater discrepancies between the different simulations. In general, precipitation declines translate into greater runoff decreases, which widen the range of expected runoff values for the different simulations. For example, for 2071-2100, precipitation will decline by 28% according to ERA and increase by 2% according to hFA, which translates into a decrease in runoff of 40% and no change, respectively (Fig. 3) . The range of these discrepancies, as well as their magnitudes, increase over time and are greater in 2071-2100 than in the previous two periods (Fig. 3) .
Runoff, overall, shows decreasing trends over time (Fig. 4) , although the estimated values strongly differ from one simulation to another. The expected runoff decrease is not uniform countrywide either and different regional patterns were observed for the different climate simulations. In Fig. 5 , for the three future periods studied, maps of relative runoff changes with respect to the baseline period are presented. These values are averages of the available simulations for each gas emissions scenario. Note that, in Fig. 5 , high relative runoff changes might correspond to areas of low absolute runoff change but significant with respect to the reference runoff values of the baseline period; that is the case, for example, of the Ebro River basin in the northeastern part of Spain.
For 2011-2040, the average of the available A2 and B2 simulations resulted in general decreases in runoff, although increases in isolated areas (depending on the simulation) were also observed (Fig. 5) . Specifically, simulation CFA resulted in noticeable runoff increases in a large area close to the Mediterranean Sea, while CFB resulted in a generalized decrease except in the northwest. EFA and EFB resulted in runoff decreases except in some small Mediterranean areas. HSA and HSB results show runoff increases in the western part of the country. For this period, the expected runoff change varies depending on the simulation, and the range of this variability is greater in areas of low precipitation (Fig. 6) .
For 2041-2070, the average of the available A2 and B2 simulations resulted in a clear runoff decrease. Areas in which runoff is expected to increase are very small compared to the previous period and located mostly in the northeast, although also in some disperse areas throughout the country. For the different climate simulations, the runoff changes showed similar regional patterns as those of the previous period (Fig. 5) . It was also observed that the range of relative runoff change is greater for A2 than for B2 and that, in some areas, it can be even greater than 50% (Fig. 6) .
For 2071-2100, the range of expected runoff decreases, according to the different simulations, is noteworthy, in particular for A2 ( Fig. 6) . The average of the six A2 simulations available for this period resulted in a runoff decrease of more than 25% in the west, with decreases of as much as 50% in some areas. For B2, on the contrary, the corresponding runoff decrease takes place mostly in a somewhat smaller area of the south, with also decreases of as much as 50% in some scattered areas.
According to the 12 climate simulations, the differences in the simulated values were generated more by the GCMs than by the gas emissions scenarios or regionalization methods, as it followed from comparing different models forced by the same gas emissions scenario and regionalized with the same method. Specifically, CFA, EFA, and hFA resulted in greater differences among them than those obtained when comparing each simulation with their corresponding match for scenario B (i.e., CFA vs. CFB, EFA vs. EFB, and hFA vs. hFB) ( Table 2 ). It was observed that the simulations based on the ECHAM4 models (i.e., EFA, EFB, ERA, and ERB) generated the greatest precipitation and runoff decreases regardless of the downscaling method and gas emission scenario considered. Most of the simulations based on the HadCM3 models (i.e., HSA, HSB, HPA, and HPB) show a pronounced decreasing trend, although less strong than that of the ECHAM4-based simulations. Overall, the simulations based on the HadAM3 models (i.e., hFA and hFB) produced weak runoff reductions, especially for gas emission scenario A2 for which no change was predicted for the 2071-2100 period. This predominant sensitivity of climate change assessments to GCMs is discussed in Arnell (2003) , Kundzewicz et al. (2007) , AEMET (2008) , and Boé et al. (2009) . However, the simulated values also depend on the downscaling method, as observed, for example, in the case of the HadCM3 model forced Fig. 6 . Range of percent change in expected runoff with respect to the baseline period; the range was estimated as the maximum minus the minimum expected change for the different simulations with respect to the average of the simulations runoff values in the baseline period 
Fig. 7. Average monthly runoff for the emissions scenarios A2 and B2 and the different periods studied with the B2 scenario, which gave opposite runoff change trends for some individual watersheds depending on if it was downscaled with the SDSM or the PROMES RCM method. Actually, HSB showed a singular change in its predicted runoff decreasing tendency for Spain giving only −1% for the period 2071-2100. The influence of the downscaling method has been discussed in Wilby and Harris (2006) and Manning et al. (2009) . It was also noted that, for the first half of the 21st century, the effect of the greenhouse gas emissions scenario, A2 or B2, is indistinguishable, but it tends to gain importance over time. However, it was observed that, contrary to expectations, greater runoff reductions are predicted for hFB than for hFA for the period 2071-2100, despite that in B2 protection of the environment is prioritized as opposed to the economics as in A2. According to the simulations, no clear changes in the seasonality of the hydrologic variables are expected. Fig. 7 , for example, shows monthly averages of runoff for the four periods, and it is apparent that their seasonality is very much the same for all of them. Precipitation, PET, and AET show also similar seasonal behavior but are not shown here because of space limitations. Precipitation, for A2 in 2071-2100, shows a greater decrease in absolute values in fall and spring than in summer and winter, which translates to the runoff to a lesser extent. This decrease is not that clear for B2 (Fig. 7) . In fact, despite there are no noteworthy changes, in some of the B2 simulations, a trend to concentrate runoff in the winter months over time was observed.
Our results can be summarized as follows. For precipitation, even though the spatial and temporal precipitation patterns are different in each climate simulation, they all anticipate an overall decline over time. This reduction is expected to be more pronounced in the southwest, while, in some areas along the Mediterranean coast, precipitation is even expected to increase. For PET and AET, anticipated increases in temperature are expected to increase PET, more severely in the central part of the country than in the coastal areas. AET, however, is expected to overall decrease as a consequence of the decline in precipitation and of the fact that most PET takes place in summer in which soil moisture is very low. On the contrary, in winter and in areas in which precipitation is expected to increase, AET is also expected to increase because of greater soil moisture availability. Aquifer recharge is also expected to decrease as a consequence of the precipitation decline. In general, it was observed that runoff decreases are more sensitive to precipitation decreases than to PET increases because PET tends to occur in times of the year in which precipitation and soil moisture are low.
Summary and Conclusions
The expected impact of climate change on runoff in the 21st century in Spain was evaluated using 12 climate simulations, which were selected so that their variability reflected the uncertainty over the future climate. Because, for the 1961-1990 baseline period, Fig. 8 . Comparison of the seasonality of observed (Obs.) and simulated mean monthly temperature and precipitation for 1961-1990; values are the average of the corresponding month in the 30 years of the baseline period simulated precipitations presented biases with respect to observed values, the assessment of the impact of climate change was conducted by comparing runoff obtained using future simulated temperature and precipitation with runoff obtained using simulated temperature and precipitation for the baseline period. That way, the comparison reflected the effect of climate change only given that the model biases will affect the same both terms of the comparison. The mean of the simulated values was used as a climate change index since no simulation was assumed better than the others. According to the simulations considered in this study, changes in annual precipitation, PET, AET, and runoff over the 21st century are anticipated. The expected magnitude of these changes, however, varies depending on the climate simulation and can even be quite different in some areas. The averages of the six simulations of each gas emissions scenario indicated decreases in annual precipitation of 17 and 9%, increases in annual PET of 21 and 15%, decreases in annual AET of 12 and 7%, and decreases in runoff of 28 and 14% by year 2100 for A2 and B2, respectively.
Although a decline in runoff is expected for most of the country, greater relative reductions are anticipated in the south and west, and less severe ones in the northeast. However, the magnitude of these relative reductions is affected by the runoff values in the baseline period. For the three future periods considered, the average of the simulations indicated that for 2011-2040, runoff changes by −8% ranging from −2 to −22% for A2 and from þ1 to −18% for B2; for 2041-2070, by −16% ranging from −8 to −34% for A2 and −11% ranging from −5 to −21% for B2; and, for 2071-2100, by −28% ranging from 0 to −40% for A2 and −14% ranging from −1 to −28% for B2. This notable range of variability is mainly due to the differences in the precipitation depths between the 12 climate simulations, which are used to force the hydrologic model; that is, due to the inherent features of the GCMs, the greenhouse gas emissions scenarios and the downscaling method used to generate the climate simulations. Likewise, simulated values for A2 and B2 are similar for the beginning of the 21st century but tend to drift apart over time starting around year 2050, when the distinctive characteristics of the different gas emissions scenarios begin to make an effect.
Even though the results of this study cannot be considered conclusive, they provide valuable information for the water management in the 21st century in Spain. Further work on the relevance of the simulation uncertainty and need for simulation transformations is currently being conducted by the researchers.
Appendix. Input to the Hydrological Model
Annual mean temperatures and precipitation depths for the baseline period ) generated with the six climate simulations were compared to the observed values ( Fig. 8 and Table 3 ). Note that six simulations, and not 12, were considered because no gas emissions scenarios have to be taken into account for the baseline period. In Table 3 , each time series has 30 values, and Mean and SD are their average and standard deviation, respectively; while Slope is the slope of their trend with respect to time. It can be seen that the temperature seasonality for all climate simulations follow the same pattern (with the exception of EF) (Fig. 8) . The mean values, however, are statistically different (with the exception of HS), while the standard deviations and slopes are statistically equal (with the exception of hF for standard deviation and ER for slope). Additionally, for only three out of six simulations are the series statistically stationary, which is the case of the observed series. On the other hand, precipitation seasonality according to the simulations is less pronounced than for the observed one with lower fall values and higher summer values (Fig. 8) . Overall, precipitation values show noticeable discrepancies. Mean simulated precipitation depths and slopes are statistically different (with the exception of EF and ER for slope), although their standard deviations are statistically equal. Moreover, the statistical nonstationarity of the observed precipitation in the baseline period-which shows as a pronounced decreasing slope-was not captured by any of the climate simulations, for which the series are statistically stationary. For both temperature and precipitation, the discrepancies between simulated and observed values vary regionally. p-values of homogeneity of means, standard deviations and slopes, and of stationarity were estimated with the Student's t test, Fischer-Snedecor and Mann Kendall tests (Table 3) . Statistical significance was deemed at the 5% level.
Because the bias in the simulated temperature and precipitation depths affected the runoff calculations, two alternatives of feeding the hydrologic model were considered: use of raw simulated temperature and precipitation, and use of transformed simulated temperature and precipitation. The first alternative consisted of comparing runoff obtained with future simulated temperature and precipitation with the one obtained with the baseline-period simulated temperature and precipitation (Milly et al. 2005; Gardner 2009; Sperna Weiland et al. 2012; Bozkurt and Sen 2013) . This way, the differences could be associated with changes in climate only, and not with the method used to obtain the data or model used to calculate the results. A shortcoming of this method is that, when higher or lower values are fed to the hydrologic model, the nonlinearity of the precipitation runoff process cannot be captured. The second alternative consists of applying transformations based on the comparison of observed and simulated values for the baseline period or in the relations between simulated values for the baseline and the future periods. These transformations can be either linear (Hay et al. 2002; Lenderink et al. 2007; Akhtar et al. 2008; Minville et al. 2008) or nonlinear (Leander et al. 2008; Berg et al. 2012) .
It was decided to calculate runoff forcing the hydrologic model with raw simulated temperature and precipitation values because, by not applying any transformation to the simulated temperature and precipitation time series, their statistical complexity is not changed (Lenderink et al. 2007; Akhtar et al. 2008) , and because the relations between climate variables (i.e., temperature and precipitation) are held unaltered rather than modifying them for future values based on transformations resulting from the analysis of the baseline-period data. It was considered that the advantages of using this alternative outweighed its disadvantages. Note that assessing the need of using or not transformations is not a straightforward process, and that the authors are currently studying the advantages of using transformations and how bias influence uncertainty. That discussion, though, is out of the scope of this article.
